In this paper, we proposed the comprehensive damping effect method to optimize the PSS parameters. Different from other studies, the optimization in this paper is based on both the amplitude-frequency and the phase-frequency properties, while other studies mainly focus on the phase-frequency characteristics. e actual grid data in Northern China are employed to verify the optimization effect in the multimachine system. e proposed method is compared with the engineering method, the existing optimization method, and the commercial software. e comparison shows that the PSS parameters obtained by the proposed method in this paper are superior to those obtained by the engineering experience, the phase-frequency optimization method, and the commercial software. In the cases of different phase-frequency range requirements, the wider the phase-frequency range is, the better the damping effect of the obtained parameters will be.
Introduction
PSS is a simple, economical, and effective tool to improve the dynamic stability of the power system [1] [2] [3] [4] . Due to the obvious effect, PSS now has been applied to power systems all over the world [5, 6] . In practice, the PSS parameters usually need to be configured to achieve the satisfied performance property of a given PSS. Since the parameter setting will directly affect the PSS function and the stability level of the power grid, it is of great significance to develop advanced parameter optimizing methods for the proper parameter obtaining.
With the development of the new energy generation and the characteristic change of the power grid [7, 8] , the engineering method for the PSS parameter setting still displays deficiencies [9] . In order to give full play of PSS, scholars studied the damping effect through the parameter optimization [10, 11] and the model improvement [12] [13] [14] . Some researches obtained better PSS parameters via algorithm improvement [15] , while some others converted the parameter solution issue into the multiobjective optimization problem [16] . For the multimachine systems, more consideration is given to the robustness improvement [17] [18] [19] , while the effectiveness of PSS parameters is not considered comprehensively at the meantime.
Generally, there are two most influential PSS models, namely, the PSS2B model [20, 21] and the PSS4B model [22] . e PSS2B model is the older but most widely used one, while the PSS4B model is newly proposed by IEEE in 2005. e PSS4B model provides the effective damping function in different frequency bands. However, this new PSS model does not have a good basis for the large-scale application. As addressed in Reference [23, 24] , the fixed phase compensation with the typical parameters of PSS4B is not fit for many cases. Due to the complex structure of PSS4B and the coupling relationship among the three frequency bands, the parameter tuning of PSS4B is still difficult [13] .
Consequently, the standard PSS4B model as well as the typical parameter settings proposed by IEEE in the year 2005 has not been widely used. By far, the PSS2A/PSS2B (the PSS2B has an extra phase-shift link, while the PSS2A does not) model is the most widely employed one in practice, while the PSS4B model is used more frequently for the theoretical investigations. In this paper, we mainly focus on the parameters of PSS2A which has been commercially applied. e remainder of this paper is constructed as follows: the mathematical model of the proposed comprehensive damping effect method is proposed in Section 2. en, the detailed validation as well as the effect comparison between the proposed method and other methods based on the actual running data from Northern China Grid is studied in Section 3. Finally, the main conclusions from the study are drawn up in Section 4.
Mathematical Model of the Proposed Method

Model of Accelerating Power PSS.
e widely used model of accelerating power PSS is shown in Figure 1 (a) [21] . is model is proposed by the IEEE standard. In practice, the commercial software employs the model illustrated in Figure 1 (b), where T rω and T rp are the constants with very small values (can be practically ignored in many cases for simplification). In this paper, we employ the model indicated in Figure 1 (b) and further transfer it into the form of Figure 1 (c) by ignoring T rω and T rp and multiplying the former two blocks.
As indicated in Figures 1(b) and 1(c), the PSS2A PSS model has two input branches, namely, the speed input and the power input. is type structure has the advantage in restraining the influence of the power change due to the mechanical adjustment. It can also suppress the reactive power "retroregulation" effectively. e frequency properties are mainly adjusted by the phase shift, while the DC components of both the power and the rotating speed will be intercepted by the two DC blocks. At the meantime, the noise and the torsional oscillation will be removed by the notch filter.
In practical applications, the combined signal ΔP m of the speed branch and the power branch, as indicated in Figure 1 (c), is set to zero. en, the model is equivalent to a single input PSS. And the transfer function is
According to (1) , the phase-frequency characteristics can be obtained and finally expressed as
PSS Parameter Setting Process.
According to the technical standard [20] , the general process of the PSS setting is shown in Figure 2 . e primary steps are as follows:
(1) Carry out the phase-frequency characteristic experiment for the generator set without PSS compensation. In this step, the operating point of the generator should meet P > 0.8P n and Q < 0.2Q n , where P n and Q n are the active power and the reactive power, respectively. is operating point is requested by the standard, more details can be found in Reference [20] and will not be repeated here due to the space limit.
(2) Calculate the phase-shift parameters according to the PSS model by experience. (3) Judge whether the parameters meet the engineering request. If they do, they will be employed for the application, else they will be recalculated. (4) Calculate the gain factors by the critical gain method.
During the calculation, the safety margin should be taken into account. (5) Verify the restrain effect of PSS on the local oscillation by the load step experiment or the disturbing experiment. (6) Validate the restrain effect. e PSS parameters will be treated as qualified only when they meet the restrain effects.
In the second step of the parameter setting process, the original phase-shift parameters are calculated by experience. Such experience is generally based on the technical standard [20] and large amount of performance. More details can be found in References [25, 26] .
Conventional Phase-Frequency Optimization Method.
e objective of the phase-frequency optimization is to make the additional torque at (0-2 Hz) as close to the direction of the damping torque as possible. No matter in the local mode or the interarea mode, 0-2 Hz is the main frequency range for oscillations. Also, this frequency range is the very band that the PSS compensation acts on.
As shown in Figure 3 , the target is to make the angle between the damper torque M and the rotating difference Δω close to zero in different frequency bands through the parameters adjustment. As required by the technical standard [20] , the angle range between the vector M and the axis Δω should be (− 20°, 45°). Since − ΔP is 90°advanced with respect to the axis Δω, the angle between M and − ΔP should be (70°, 135°).
As presented in Reference [15] , the objective function of the phase-frequency optimization is to make the angle between M and − ΔP zero. e detailed objective function and the constraining conditions can be written as 
where m is the number of the probe point at 0∼2 Hz (usually the point step is 0.1 Hz, and there are 20 points in total), φ 0 (f j ) is the uncompensated phase-lag angle of the generator at f j , φ p (f j ) is the compensated phase angle, T ω2 and T ω1 are the constants set by experience, and T 1 ∼T 4 are the optimization objects in [0.01, 1]. φ 0 (f j ) can be measured directly, while φ p (f j ) depends on the parameters selection. T ω2 and T ω1 are usually preset as constants. Actually, the phase-frequency optimization is to get the most adaptable parameters. e advantage is that the parameter acquisition can be more explicit than the usual engineering methods.
Comprehensive Damping Effect Optimization Method.
Primarily, the PSS parameter setting and optimization are based on the technical standard [20] , which mainly focuses on the phase-frequency optimization. As mentioned in [25, 26] , among the optimization means, the phase-frequency method is comparatively more robust. is method is therefore employed as the major method for the PSS parameter optimization. However, if a more satisfied optimizing effect is requested over the limit of the phase-frequency method, the comprehensive damping effect optimizing method, which takes into account both the phase-frequency and the amplitude-frequency optimization, should be further taken into account. In this paper, we carry out such optimization to improve the comprehensive damping effect.
As an improvement to Section 2.3, the maximum damping force, which includes both the phase-frequency characteristics and the amplitude-frequency properties, is taken as the optimization objective in this paper. e parameter optimization model is shown in (4) . e optimization objective is the maximum sum of the damping forces obtained in the target frequency range (0-2 Hz): 
where F 0 denotes the amplitude-frequency property and usually is a constant which depends on the exciting system of the generator system, T ω � T ω1 /M is also a constant which needs to be calculated in advance of the optimization, F p is the parameter to indicate the amplitude-frequency, and K p is the constant gain factor. As indicated in equations (4) and (5), both the phasefrequency characteristics and the amplitude-frequency properties are involved in the object function. at means the optimization needs to take into both the phasefrequency and the amplitude-frequency properties. In equation (4), the constraining conditions are the requested items defined by the standard [20] . ese constrain conditions are set to ensure the positive direction of the vector M. By keeping the vector M in the positive direction, the angle error of the moment T t can be avoided so that the damping effect can be kept on a satisfied level. In the range of 0-0.2 Hz, the additional torque M should vary between advance Δω 40°a nd lag Δω 45°. However, in the range of 0.2-2 Hz, the additional torque M should vary between advance Δω 20°and lag Δω 45°. T ω2 and T ω1 are preset as constants, and the phase-shift link coefficients T 1 ∼T 4 are taken as the targets to be optimized, whose value range can be set to [0.01, 1]. Actually, equation (5) describes the problem of obtaining the maximum damping effect under the specified phase-frequency characteristic requirements. By solving this problem, the best damping effect can be obtained within the specified adaptive range. At the meantime, the balance between the adaptability and the effectiveness can be achieved as well.
Analysis on Optimization Results
Optimization of Damping Effect Based on Grid
Characteristics.
e current standard such as [20] [21] [22] employs the ideally the theoretical model, for instance, the IEEE 10-bus system model, for the evaluation. Many scholars carried out detailed studies on these theoretical models, for instance, References [27] [28] [29] are the typical ones. However, the actual system, for example, the Chinese grid which combines large amount of generators and subnetworks, could be far more complex than the ideal model. e difference between the standard theoretical model and the actual situation is that the characteristics of the systems without compensation are varied. is kind of difference is actually the diversity in the constraining conditions, while it should not affect the similar qualitative result. In this paper, specifically aiming at the Chinese grid characteristics, we mainly focus on the PSS property improvement by using the actual running data and will not take the ideally theoretical model as the study object.
A generator unit in the actual power grid is selected as the research object. is unit locates in Cangdong Power Plant, which is under the charge of State Grid Hebei Electric Power Company. e uncompensated phasefrequency characteristics of this unit are obtained through PSD Power Tools (widely used commercial software in China), as shown in Figure 4 . e simulation adopts the offline data of the actual power grid, namely, the Northern China Grid, where the unit is located. When the PSS of the unit is out of operation, it shows that the damping ratio of the power oscillation curve is 0.0488 and the oscillation frequency is 1.2471 Hz if a fault occurs in the power grid.
According to the uncompensated phase-frequency characteristics based on the actual power grid, the PSS parameters (T 1 ∼T 4 ) are solved according to the models described in Sections 2.3 and 2.4, respectively. e parameters obtained by different methods and the corresponding damping ratios for the same faults are shown in Table 1 .
e phase-frequency characteristics with compensation are shown in Figure 5 , and the damping force characteristics are shown in Figure 6 . e power Mathematical Problems in Engineering oscillation curves of the unit for the same fault with different PSS parameters are shown in Figure 7 .
In Figure 5 , it shows that the phase-frequency characteristics obtained by the phase-frequency optimization method and the engineering experience method are quite similar, while the result obtained by the comprehensive damping force method has a larger change. Comparing Figure 5 with Figure 6 , it can be seen that a better damping effect will be obtained under the condition that the requirements for phase-frequency characteristics are not so strict. As illustrated in Figure 6 , the comprehensive damping force method proposed in this paper is able to provide a greater damping effect within the frequency range of 0.2∼2 Hz. One thing that needs specific note is that the proposed method provides a little less damping force at 0.1 Hz. Considering that the general frequencies of the lowfrequency oscillation are above 0.2 Hz [30] , the damping force optimization method will therefore achieve a better effect.
As suggested from Table 1 , the damping ratio of the power oscillation obtained by the comprehensive damping force optimization method is the maximum, while the phase-frequency optimization method has the minimum Mathematical Problems in Engineering ratio. According to Figure 7 , by the phase-frequency optimization parameters or the engineering parameters, the power oscillation of the generator unit needs about 6 oscillations to get stable again. However, using the comprehensive damping force method proposed in this paper, it only needs about 3 oscillations, and the amplitude of the damping force is obviously smaller.
Comparison with Commercial Software Parameters.
In order to fully study the practical effect of the proposed method, the commercial software which is widely used in China is introduced as a reference. e parameters of the phase-shift link are calculated by both the commercial software and the method proposed in this paper, respectively. Here we keep the three parameters K p , T ω2 , and T ω1 the same but just adjust the target optimizing parameters so that the influence of these parameters can be avoided. Consequently, the impact of the target parameter optimization on the PSS effect can be accurately obtained and compared. is type of parameter setting method is proposed in Reference [20] . e PSS parameters obtained by different methods and the damping ratios are shown in Table 2 . e comparison of the phase-frequency characteristics is shown in Figure 8 , and the comparison of the damping force characteristics is shown in Figure 9 . e power oscillation curves of the generator unit under the same fault are shown in Figure 10 .
It is shown in Figure 8 that the phase-frequency characteristic curve obtained by the commercial software is closer to − 90°than the proposed method. Both of the curves are within the range required by the technical standards. e commercial software has a better phase-frequency characteristic, while the method in this paper has a better damping effect. erefore, the damping effect of PSS can be increased by relaxing the phase-frequency characteristics to a certain extent.
It can be seen from Figure 9 that the comprehensive damping force optimization method proposed in this paper is able to provide a greater damping force within the frequency range of 0.1∼2 Hz.
According to Table 2 and Figure 10 , the damping ratio obtained by the method proposed in this paper is obviously higher than that obtained by the commercial software. e commercial software needs about 4 oscillations to return stable, while the method in this paper only needs about 2 oscillations. Moreover, the oscillation amplitude obtained by the proposed method is obviously smaller than that obtained by the commercial software. Such result further verifies that the proposed method gains a better damping effect.
Comparison of Different Phase-Frequency Range
Requirements. Considering that the expansion of the phasefrequency range may increase the damping effect, we investigate the relation between the damping effect and the requirements of phase-frequency range in this section. ree sets of PSS parameters are obtained in different phase-frequency ranges by using the proposed method. e detailed frequency ranges, the damping ratios, and the corresponding PSS parameters are shown in Table 3 . e damping ratios of different parameter sets are obtained under the same fault. e phase-frequency characteristics obtained by different parameter sets are shown in Figure 11 , while the damping force characteristics are shown in Figure 12 . Comparing Figure 11 with Figure 12 as well as Table 3 , it can be seen that the increase of the phase-frequency range will lead to the greater damping force. at means the wider phase range can provide the better damping properties. As is suggested from Table 3 and Figure 12 , the phase-frequency characteristics and the damping force properties conflict with each other. ey both usually cannot be optimal at the same time. When the phase-frequency characteristic is set closer to − 90°, the damping effect will be reduced. erefore, in the practical application, these two indexes should be balanced according to the actual situation to achieve the coordination of both the adaptability and the effectiveness.
Gain Coefficient Analysis.
Given that the gain coefficient is another important part of PSS parameter setting, it is a more scientific way to compare the damping effect by considering the gain coefficient setting. It is found that the PSS parameters are closely related to the critical point of the high-frequency gain [23] . e gain values obtained by the commercial software and the proposed method (frequency range − 80°to − 135°) are shown in Figure 13 . e highest values of the high-frequency gains are 0.2307 and 0.2274, respectively. According to [23] , the intrinsic gain coefficient of the generator excitation system is recorded as K 0 , and the critical gain is calculated as
where K com max denotes the maximum amplitude gain obtained by the commercial software (K p � 1), K pro max denotes the largest amplitude gain obtained by the proposed method, K com p denotes the max gain (see K p in Figure 1 ) that could be obtained by the commercial software, and K pro p denotes the max gain (see K p in Figure 1 ) that could be obtained by the proposed method. en there is
which means 
igure 11: Phase-frequency characteristic curves with compensation in different phase-frequency ranges. 
In other words, the parameters obtained by the proposed method can be adjusted to a larger gain coefficient than those obtained by the commercial software. As shown in Figure 14 , since the proposed method can obtain a greater damping force under the same gain coefficient, its advantage will be more obvious under the larger gain coefficient conditions. erefore, the proposed method is able to optimize the parameters for a better damping effect.
Analysis on Actual Application Effect in Multimachine
Power Grid. In order to test the effect of the proposed method in multimachine system with actual measured data, a regional power grid is selected as the research object. is power grid is named Mengxi Grid. It is the third largest power grid in China but only locates in the west of the Inner Mongolia.
is regional grid has an inherent natural oscillation mode with the Northern China Grid.
As shown in Figure 15 , the transmission power of the regional grid to the main network is limited by the dynamic stability. By the small disturbance analysis, it is concluded that the regional power grid has an oscillation mode with a damping ratio of 0.069 and an oscillation frequency of 0.4 Hz. A total of 112 generator units in the regional power grid have a participation rate which is greater than 0.05 (indicates strongly correlated) in this oscillation mode.
Ten of the 112 generator units are selected, and their PSS parameters are optimized by the proposed method. After the parameters are changed, the oscillation mode of the regional grid will be also different. e comparison between the regional grid oscillation modes before and after optimization is shown in Table 4 . After parameter optimization, the damping ratio of the oscillation mode becomes 0.078, which is 13% higher than the value before change. erefore, the proposed method is able to provide a better damping effect in multimachine system in actual applications. And the proposed method shows its potential engineering application value.
Suggestions for Optimization of Power Grid Dynamic
Characteristics. As previously studied, taking the optimal damping force as the optimization objective can obtain a better damping effect. In order to optimize the dynamic characteristics of the power grid and improve the transmission capacity of the tie line, the PSS parameters can be optimized by the method of this paper. Based on the study of this paper as well as the practical parameter setting process (Section 2.2), the PSS parameter optimization process is suggested to be performed as shown in Figure 16 . e process can be described in the following steps:
(1) Obtain the dynamic characteristics of the power grid by simulation analysis (2) Select the key generator units to be optimized for the natural oscillation mode of the power grid (3) Establish the optimization targets for the selected generator units, and specify its acceptable phasefrequency characteristic requirements Mathematical Problems in Engineering 9
(4) Carry out optimization solution to obtain the PSS phase-shifting parameters (5) Further determine the gain coefficient by the critical gain test (6) Check whether the parameters meet the requirements of engineering standards and whether they have the appropriate damping effect (7) Verify the improvement effect of the dynamic characteristics obtained by the power grid simulation analysis
Conclusion
In this paper, a comprehensive damping effect method is proposed to improve the PSS parameter optimization. e primary contribution/novelty of this work lies in that this method takes into account not only the phase-frequency characteristics but also amplitude-frequency properties to obtain the best optimizing effect. e mathematical model of the proposed method is explained based on the analysis of the conventional phasefrequency method. In the proposed method, optimization objective is the maximum sum of the damping forces obtained in the target frequency range (0-2 Hz). Since this method improves the parameter optimization by both the phase-frequency and the amplitude-frequency aspects, it is more comprehensive and has a more satisfied effect. e proposed method is compared with the engineering method, the existing optimization method, and the commercial software. e actual practical data from Northern Power Grid are employed for the comparison. It is shown that the PSS parameters obtained by the proposed method are superior to those obtained by the engineering experience, the phase-frequency optimization method, and the commercial software. In the cases of different phase-frequency range requirements, the wider the phase-frequency range is, the better the damping effect of the obtained parameters will be. Moreover, the proposed method can still achieve a better optimization effect even when the gain coefficient setting is taken into account. e method proposed in this paper is able to improve the dynamic characteristics of multimachine systems and therefore is highly potential to be applied to improve the power limit of the transmission tie line.
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